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[1] We diagnose the contribution of four main phytoplankton functional groups to the
production and export of particulate organic carbon (POC), CaCO3, and opal by
combining in a restoring approach global oceanic observations of nitrate, silicic acid, and
alkalinity with a simple size-dependent ecological/biogeochemical model. In order to
determine the robustness of our results, we employ three different variants of the ocean
general circulation model (OGCM) required to transport and mix the nutrients and
alkalinity into the upper ocean. In our standard model, the global export of CaCO3 is
diagnosed as 1.1 PgC yr�1 (range of sensitivity cases 0.8 to 1.2 PgC yr�1) and that of opal
as 180 Tmol Si yr�1 (range 160 to 180 Tmol Si yr�1). CaCO3 export is found to
have three maxima at approximately 40�S, the equator, and around 40�N. In contrast, the
opal export is dominated by the Southern Ocean with a single maximum at around 60�S.
The molar export ratio of inorganic to organic carbon is diagnosed in our standard
model to be about 0.09 (range 0.07 to 0.10) and found to be remarkably uniform spatially.
The molar export ratio of opal to organic nitrogen varies substantially from values around
2 to 3 in the Southern Ocean south of 45�S to values below 0.5 throughout most of
the rest of the ocean, except for the North Pacific. Irrespective of which OGCM is used,
large phytoplankton dominate the export of POC, with diatoms alone accounting for 40%
of this export, while the contribution of coccolithophorids is only about 10%. Small
phytoplankton dominate net primary production (NPP) with a fraction of �70%. Diatoms
and coccolithophorids account for about 15% and less than 2% of NPP, respectively.
These diagnosed contributions of the main phytoplankton functional groups to NPP are
also robust across all OGCMs investigated. Correlation and regression analyses reveal
that the variations in the relative contributions of diatoms and coccolithophorids to NPP
can be predicted reasonably well on the basis of a few key parameters.
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1. Introduction

[2] Marine planktonic ecosystems are characterized by
great species diversity, yet the processes that maintain such

a large number of species are not well understood [cf.
Hutchinson, 1961]. Given this diversity, it is virtually
impossible to develop quantitative models that take this
complexity at the taxonomic level into account. From a
biogeochemical perspective, this level of detailed descrip-
tion may not be necessary as many species perform similar
chemical transformations and respond similarly to changes
in their chemical/physical/biological environments. It has
become common practice in ecological/biogeochemical
modeling to shed considerations on the species composition
and focus instead on biogeochemical functional groups (or
guilds) [e.g., Iglesias-Rodriguez et al., 2002b; Moore et al.,
2002; Gregg et al., 2003]. Functional groups are organisms
with common biogeochemical processes; that is, they share
the same functional or operational characteristics, or they
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are uniquely associated with the cycling of a particular
element [Iglesias-Rodriguez et al., 2002b]. Diatoms and
coccolithophorids comprise two of the most important
phytoplankton functional groups. Other biogeochemically
important functional groups include diazotrophs, nano/pico-
plankton, and large phytoplankton that are not diatoms.
[3] Phytoplankton functional groups shape the structure

of the ecosystem by determining the flow of energy and
matter through it. In particular, they control the amount and
composition of the organic matter that escapes reminerali-
zation in the euphotic zone and is exported to the ocean’s
interior [Buesseler et al., 1998]. Diatom dominated systems
tend to have a high export ratio, i.e., ratio of export to net
primary production (NPP). In contrast, picophytoplankton-
dominated systems tend to be very inefficient at exporting
organic matter from the surface ocean. Because ballast in
the form of opal or CaCO3 influences how organic matter
settles through the water column and escapes remineraliza-
tion [Armstrong et al., 2002; Klaas and Archer, 2002],
phytoplankton community structure is also thought to
impact processes in the aphotic zone. The production ratio
of organic matter to CaCO3 affects also the air-sea carbon
balance owing to their differential impact on the partial
pressure of CO2. Diazotrophs occupy a central role in the
marine nitrogen cycle, as their fixation of N2 represents the
most important source of fixed nitrogen to the ocean
[Gruber and Sarmiento, 1997; Karl et al., 2002; Gruber,
2004]. This nitrogen input can be comparable to the upward
flux of nitrate into the euphotic zone by upwelling, diffusion
and mixing [Capone et al., 2005] and in certain regions may
fuel a substantial fraction of export production.
[4] Some pioneering oceanic ecological models have

begun to include this diversity explicitly [Moore et al.,
2002; Gregg et al., 2003]. While these models tend to
capture the expected distribution of the major phytoplank-
ton functional groups, there are very few observations
available to evaluate their results.
[5] In situ observations of phytoplankton functional group

abundances are scarce and often incomplete because only a
few groups were usually considered. With the recent appli-
cation of high-performance liquid chromatography (HPLC),
pigment approaches and flow cytometry, information of
phytoplankton functional group abundances and distribu-
tions are increasing [Gregg et al., 2003; Gibb et al., 2000;
Veldhuis and Kraay, 2004]. Nevertheless, the constraints
from in situ observations are still weak.
[6] Although much effort has been spent to use satellite

observations to estimate phytoplankton functional groups,
this avenue remains challenging. This is mainly a result of
the light absorption and reflectance properties of different
phytoplankton functional groups being so similar, making
their detection and quantification difficult. Some progress
has been made with regard to a few functional groups, for
example, coccolithophorids [Brown and Yoder, 1994;
Gordon et al., 2001; Iglesias-Rodriguez et al., 2002b],
Trichodesmium [Subramaniam et al., 2002] and diatoms
[Sathyendranath et al., 2004]. However, in most cases, only
full bloom conditions can be detected, which provides
limited constraints for model evaluation.

[7] An alternative approach is to exploit observations of
nutrients and alkalinity, as their distribution contains infor-
mation about the production and export of organic carbon,
CaCO3 and opal, and thereby implicitly contain information
about the main phytoplankton functional groups. Najjar et
al. [1992] were among the first to follow this idea by
employing a phosphate restoring approach to diagnose the
export of organic matter. Such a restoring approach has
been used in many subsequent studies, including the second
phase of the Ocean Carbon Model Intercomparison Project
(OCMIP) [e.g., Najjar and Orr, 1998]. Gnanadesikan
[1999] extended this method to silicic acid permitting him
to diagnose the export of opal. More sophisticated methods
to use nutrient observations to determine biological produc-
tion have been introduced recently, such as inverse model-
ing with the adjoint technique [e.g., Schlitzer, 2002; Usbeck
et al., 2003]. However, most of these studies focused so far
on the production and export of only one component of the
biogenic production and export of particulate matter and did
not take advantage of the information contained in these
data about phytoplankton functional groups.
[8] Our aim here is to combine the information

from all tracers and estimate the contribution of four main
phytoplankton functional groups (diatoms, large nondiatom
phytoplankton, coccolithophorids, and small noncoccolitho-
phorid phytoplankton) to the production and export of
organic carbon, CaCO3 and opal. We are also interested
to determine the factors that control the relative contri-
bution of these functional groups to NPP and the export
of particulate organic carbon (POC). We are particularly
interested in what determines the fraction of large phyto-
plankton production that is undertaken by diatoms, and in
what determines the fraction of small phytoplankton
production that is undertaken by coccolithophorids. One
of our motivations for the determination of these alloca-
tion fractions is the longer-term goal of developing a
simplified semiprognostic model of phytoplankton func-
tional groups, but one whose parameterizations are well
constrained by observations.
[9] We tackle our main aim by following the classical

restoring approach for the determination of the export of
CaCO3 and opal, but use a simple ecological/biogeochem-
ical model developed by J. P. Dunne et al. (Diagnosed
primary production, export and size structure in a global
ocean general circulation model, manuscript in preparation,
2006) (hereinafter referred to as Dunne et al., manuscript in
preparation, 2006) to determine NPP and the export of POC
and dissolved organic carbon (DOC). This latter model is
also based on the restoring of simulated nitrate toward
observations, but it includes the explicit cycling of ammonia
and dissolved organic nitrogen, as well as the separation of
the phytoplankton into two distinct size classes, i.e., pico/
nanoplankton (nominally <5 mm), and large phytoplankton
(Dunne et al., manuscript in preparation, 2006). This simple
model has been extensively calibrated against a large set of
observations of particle export ratios [Dunne et al., 2005].
The model’s primary relevance beyond the estimation of
NPP and the separation of the phytoplankton into a small
and large size classes is to establish the partitioning of
organic matter into DOC and POC. The ecosystem model is
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nitrogen based and since this version does not include
nitrogen fixation, we employ a constant stoichiometric
C:N ratio of 117:16 to convert organic nitrogen to organic
carbon. A version with N2 fixation (C. Deutsch et al.,
Oceanic N2 fixation diagnosed from nutrient distributions,
submitted to Nature, 2006) shows insignificant changes
with regard to the results reported here. With these elements
and some assumptions about the fraction of CaCO3 and opal
produced in the upper ocean that is exported, we can then
determine the relative contribution of the four phytoplank-
ton functional groups considered to NPP and POC export.
[10] In the next section, we describe briefly the model, the

data and the experimental design. We then discuss the
diagnosed CaCO3 and opal export, and compare them to
independent estimates. Subsequently, we combine these
export estimates with the organic carbon export estimates
from the ecological/biogeochemical model to determine the
export ratios, i.e., ratios of opal and CaCO3 export to
organic carbon export. Finally, by making assumptions
about the export fraction for CaCO3 and opal, as well as
for the stoichiometric ratios between organic carbon and
CaCO3 and opal, respectively, we determine the contribu-
tion of the different functional groups to NPP in the
euphotic zone and POC export. An outlook is provided at
the end.

2. Methods

[11] Our approach requires three components: an ocean
circulation model to provide the oceanic transport and
mixing fields, an ocean ecological/biogeochemical (BGC)
model to estimate NPP and the export of organic matter, and
observations to which the model’s simulated tracer fields are
restored to. Auxiliary material1 provides the details, while a
summary is given here.
[12] We use three variants of a seasonal coarse-resolution

3-D ocean general circulation model (OGCM) developed at
Princeton University on the basis of the Modular Ocean
Model (MOM) (see Gnanadesikan et al. [2004] for
further details). Our standard model, named Princeton 2A
(P2A), distinguishes itself from the others primarily by its
superior agreement with a range of observational con-
straints, including radiocarbon and chlorofluorocarbons
(CFC) [Matsumoto et al., 2004]. The other two variants of
the OGCM, HH and LL, have similar base configurations as
P2A, but differ substantially in terms of their explicit
mixing parameters, with HH employing high vertical and
along-isopycnal mixing coefficients and LL having low
vertical and along-isopycnal mixing coefficients. Detailed
comparisons of these three models with observations
[Gnanadesikan et al., 2002, 2004] and other models
[Matsumoto et al., 2004] reveal that they span a large range
of behavior exhibited by the current generation of coarse-
resolution global OGCMs. However, only HH and P2A
simulate CFC and radiocarbon distributions that are consis-
tent with observations, while LL falls outside the observa-
tional constraints [Gnanadesikan et al., 2004; Matsumoto et

al., 2004]. We consider the results from our P2A simulation
as our most trustworthy and use the results from the other
two OGCMs to determine the robustness of our results to
potential biases arising from the modeled circulation.
[13] The biogeochemical model used to determine organic

carbon production and export is based on the two size-class
phytoplankton model of Dunne et al. (manuscript in prep-
aration, 2006) (see auxiliary material for the equations of
the model). NPP in the model consists of nitrate and
ammonia based productions, which are calculated by re-
storing modeled nitrate to monthly observations from the
World Ocean Atlas 2001 (WOA01) database [Conkright et
al., 2002] with a timescale of 1 month and by restoring
modeled NH4

+ to zero with a timescale of 3 days. NPP is
then allocated to large and small phytoplankton production
according to an allometric equation. The small and large
phytoplankton are subject to growth and loss due to grazing,
to production of detritus, production of dissolved organic
nitrogen (DON), and conversion to NH4

+. Unprotected
detritus, i.e., detritus that is not associated with minerals,
is subject to remineralization in the euphotic zone, while the
remainder is exported.
[14] The export of opal and CaCO3 are diagnosed by

restoring silicic acid and salinity normalized potential alka-
linity (PAlk) in the euphotic zone to observations with a
timescale of 3 months. PAlk is defined as [Brewer et al.,
1975]

PAlk ¼ Alk þ NO3ð Þ � 35
S
; ð1Þ

where S is salinity. Monthly observations for silicic acid
were also obtained from the WOA01 database, while we
used the annual mean climatology of Key et al. [2004] for
alkalinity. The model computes salinity normalized poten-
tial alkalinity only locally from the model’s tracer fields
alkalinity, salinity, and nitrate. This avoids many of the
problems associated with salinity normalizations [e.g., Friis
et al., 2003; Robbins, 2001]. Relative to nitrate and silicic
acid, which are based on extensive climatologies, the
employed alkalinity distribution has much larger uncertain-
ties, mostly because of the limited amount of data that are
available to produce global alkalinity maps. In addition,
there exist nonnegligible accuracy issues with the measure-
ment of alkalinity [Lamb et al., 2002]. These uncertainties
in the data can get aggravated in our diagnostic study by
model transport errors, potentially leading to substantial
biases in our CaCO3 export estimates. A good indication of
these limitations in the diagnostic method is the occurrence
of negative restoring terms, i.e., situations in which the
model’s surface nutrient or salinity normalized potential
alkalinity concentration is below the observed concentra-
tion. In these situations, we usually set the restoring term to
zero. In order to test the robustness of our results to such
data-driven uncertainties, we will evaluate also a sensitivity
case where we permit negative restoring terms (referred to
as P2A-neg). This will lead to negative production and
export of the respective terms, i.e., net remineralization or
dissolution in the euphotic layer.

1Auxiliary material is available at ftp://ftp.agu.org/apend/gb/
2005gb002532.
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[15] Since the focus of our study here is on the upper
ocean, we forgo explicit modeling of the remineralization
and dissolution processes in the aphotic zone, i.e., below
75 m, and instead restore model simulated nutrients and
potential alkalinity to observations. This ensures that the
nutrient concentrations in the aphotic zone are close to
the observations and are supplied in the correct ratios to
the euphotic zone by the OGCM.
[16] The model does not explicitly consider rivers, which

deliver nutrients and alkalinity to the ocean and hence alter
the global balance of these tracers. Nevertheless, the effect
of rivers is implicitly included in our diagnostic study. This
is because the riverine input is reflected in the observed
distribution of the nutrients and alkalinity, which is then
used as a restoring boundary conditions.

3. Results

3.1. CaCO3 Export

[17] The global CaCO3 export diagnosed by the standard
model (P2A) is 1.1 Pg C yr�1, with little sensitivity to
modeled transport, but substantial uncertainty with regard to
data uncertainties implied by negative restoring terms

(Table 1). The total range of our diagnostic results is 0.8
to 1.2 PgC yr�1.
[18] Existing estimates of CaCO3 export range from 0.5 to

2.0 PgC yr�1 (see summary by Iglesias-Rodriguez et al.
[2002a] and Feely et al. [2004], and Table 2). More recent
estimates of CaCO3 export based on alkalinity observations
give a narrower range of 0.6–1.4 PgC yr�1. By combining
observations of the vertical gradients of potential alkalinity
and nitrate with an estimate of export production, Sarmiento
et al. [2002] estimated a CaCO3 export of 0.6 PgC yr�1.
From an inventory of alkalinity and the residence time of
various water masses, Milliman and Droxler [1996] inferred
a CaCO3 export of 0.7 PgC yr�1, while Lee [2001] recently
gave a higher estimate of 1.1 PgC yr�1 based on the
seasonal cycle of potential alkalinity in the surface mixed
layer. Our estimate agrees well with these more recent
estimates of global pelagic CaCO3 export.
[19] The zonally integrated CaCO3 export (Figure 1a)

shows three well-developed maxima located at around
40�S, the equator, and around 40�N, respectively.
Figure 2a illustrates the spatial distribution of the annual
mean CaCO3 export in more detail. It reveals that the strong
CaCO3 export maximum at around 40�S is a circumpolar
phenomenon. It also shows that most of the CaCO3 export
in the region north of 40�N stems from the North Pacific,
with a relatively small contribution from the North Atlantic.
[20] Our diagnosed large export flux of CaCO3 in the

Southern Ocean between about 40�S and 60�S is consistent
with sediment trap results [Milliman, 1993; Honjo et al.,
2003], since they also show a clear export band along about

Table 1. Global Values of Model Diagnosed Oceanic Production,

Export, and Rain Ratioa

Standard Case
P2A Model

Sensitivity Case

HH
Model

LL
Model

P2A-neg
Model

NPP, Pg C yr�1 78 96 73 71
POC export, FPOC, Pg C yr�1 9.8 11.3 8.6 9.4
DOC export, Pg C yr�1 2.9 3.8 2.6 2.7
Organic carbon export, Pg C yr�1 12.7 15.0 11.2 12.1
Opal export, FSiO2

, Tmol Si yr�1 178 156 102 172
CaCO3 export, FCaCO3

, Pg C yr�1 1.14 1.20 1.08 0.82
Cinorg:Corg rain ratio 0.090 0.080 0.096 0.068

aP2A, HH, and LL refer to three configurations of the ocean general
circulation model considered, with P2A representing our standard model,
and HH and LL representing two sensitivity cases with high and low
mixing, respectively. P2A-neg is the P2A model, but includes negative
restoring terms for all elements.

Table 2. Summary of Pelagic CaCO3 and Opal Flux Estimates

Authors Methods Flux

CaCO3 Export, PgC yr�1

This study (Standard) 3-D model (diagnostic) 1.1
Murnane et al. [1999] 3-D model (prognostic) 1.8
Heinze et al. [2003] 3-D model (prognostic) 1.6
Moore et al. [2004] 3-D model (prognostic) 0.5
Sarmiento et al. [2002] Geochemical 0.6
Lee [2001] Geochemical 1.1
Li et al. [1969] Geochemical 0.7
Milliman and Droxler [1996] after Li et al. [1969] 0.7

Opal Export, Tmol Si yr�1

This study (Standard) 3-D model (diagnostic) 178
Usbeck [1999] 3-D model (inverse) 200
Heinze et al. [2003] 3-D model (prognostic) 185
Gnanadesikan [1999] 3-D model (diagnostic) 89
Nelson et al. [1995] Geochemical 120

Figure 1. Zonal integral of the model diagnosed export of
(a) CaCO3 and (b) opal in the standard model (P2A) and in
the three sensitivity cases (HH, LL, and P2A-neg).
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